The features of the deformation bands (DBs) in copper single crystals under cyclic straining were surveyed. A simple model was proposed to account for the formation of DBs. In this model, both crystal rotation and dislocation density variation induced by cyclic straining were considered. The gradual lattice rotation caused by tension and compression irreversibility is the main driving force for the formation of DBs. The drastic release of mobile dislocations resisted by the primary slip bands is the direct trigger for the formation of DBs. From this analysis, one may understand why the formation of DBs is easier in copper single crystals with double-and multiple-slip orientations than that with singleslip orientation. At the same time the e ect of the dislocation avalanche factor on the formation of DBs was discussed.
} 1. I ntroduction Besides the general slip bands (SBs) and the persistent slip lines (Li et al. 1998a as well as the well-known persistent slip bands (PSBs) in copper single crystals, the formation of deformation bands (DBs) seems to be another important feature induced by cyclic deformation. Recently, DBs have been frequently observed in fatigued copper single crystals with various orientations. Gostelow (1971) and Mughrabi (1978) found that the DBs analogous to the kink band occurred in single-slip-oriented copper single crystals cyclically deformed at a high strain amplitude of about 10 ¡ 2 . In general, two types of DB, namely DBI and DBII, and occasionally DBIII, have been identi®ed in fatigued copper single crystals (Saletore and Taggart 1978 , Jin and Winter 1984 , Li et al. 1994 , Gong et al. 1995 , 1997 , Zhang 1995 , Li et al. 1998b , 1999a , b, c, 2000b , Zhang et al. 2000 , where DBI is approximately parallel to the primary slip plane, while DBII makes a certain angle with the primary slip plane. Among many features of cyclic deformation of copper single crystals, the occurrence of DBs is probably the least understood. These DBs will disrupt an initially smooth surface of the specimen, in¯uencing not only the process of initiation of fatigue cracks but also their subsequent direction of propagation (Saletore and Taggart 1978) . Therefore, it is necessary to understand the mechanism for the formation of DBs.
The possible mechanisms for the formation of DBs in copper single crystals under cyclic straining were proposed in our previous papers. Initially, a dislocation avalanche model was proposed to explain the formation of DBs in which the variation in dislocation density was assumed to play a key role (Li et al. 1994) . Recently, an analysis based on the crystallographic deformation geometry showed that the local irreversible rotation of a crystal which exists during symmetrical push±pull loading might be responsible for the formation of DBs (Li et al. 2000b ). However, a reasonable model is still needed to modify the complicated mechanism for the formation of DBs.
In this paper, ®rstly, a survey of the formation of DBs in various orientations of copper single crystals under cyclic straining was carried out, and then a model was proposed, in which both crystal rotation and variation in dislocation density were considered.
} 2. Survey of the formation of deformation bands
Experimental details
The detailed experimental procedures, including the growth and preparation of the specimens of copper single crystals with various orientations as well as the symmetrically cyclic deformation testing at constant plastic shear strain amplitudes, have been given by various researchers (for example Li et al. (2000b) ).
Deformation bands in copper single crystals with various orientations
The orientations of the copper single crystals oriented for single, double and multiple slip in which the occurrence of DBs was observed are shown in the stereographic projection in ®gure 1. Recently, Li et al. (2000b) found that the DBs denoted as DBI and DBII develop roughly along the primary slip plane {111} and conventional kink plane {101} respectively, and the habit planes of DBI and DBII are perpendicular to each other. For each single crystal investigated, the related data are shown in table 1. From this table, one can see that the indices of the DBs with di erent values were determined; however, if the coordinates of the crystal are rearranged, the indices of the DBs could be determined solely, that is the habit planes of DBI and DBII are close to (111) On the formation of DBs, two critical plastic shear strains could be noted; that is, below the ®rst critical shear strain ®pl ;cI , no DBs are observed and, above that, one kind of DB (DBI or DBII) can be observed; at the second critical shear strain ®pl ;cII , both DBI and DBII are observed. The data on these critical strains are also drawn in ®gure 1 for comparison. It should be borne in mind that these data are approximate values because intervals of the plastic shear strain amplitudes applied in the testing are sometimes rather large (in a few cases only one plastic shear strain amplitude was applied (Jin and Winter 1984) ), and that some data were not recorded because, in the early work, not much attention was paid to the formation of DBs. However, some features may be pointed out as follows (since the data on ® pl;cI are lacking, we shall pay more attention to ® pl;cII ). 
. The cyclic hardening curves
The cyclic hardening curves of copper single crystals oriented for single, double and multiple slip have been well studied by numerous researchers (Mughrabi 1978 , Cheng and Laird 1981 , Hong and Laird 1990 , Villechaise et al. 1991 , Gong et al. 1995 , 1997 , Zhang 1995 , Li et al. 1998b , 1999a . (1991); 6, Li et al. (1999a); 7, Jin and Winter (1984); 8, Zhang (1995) ; 9, Li et al. (1998b); 10, Gong et al. (1995); 11, Jin and Winter (1984) ; 12, Li et al. (1999b); 13, Gong et al. (1997); 14, Li et al. (2000b); 15, Zhang et al. (2000) ; 16, Li et al. (1998b) . The characteristics of these curves might be drawn schematically as in ®gure 2. When the plastic shear strain amplitude is smaller, the hardening curves usually do not show a softening behaviour. When the plastic shear strain amplitude is larger, the hardening curves may show a softening behaviour (®gure 2). This is particularly true for single-slip single crystals (see ®gure 1 of the paper by Mughrabi (1978) ). Some hardening curves show rather complex behaviours; however, in the present paper, as the ®rst approximation, it is assumed that the DBs start to form as the softening occurs.
The quantitative description of the cyclic hardening curves
Based on the model proposed by Kuhlmann-Wilsdor f and Laird (1977, 1979) , the cyclic hardening curves of copper single-slip crystals in the hardening stage can be written as (Cheng and Laird 1981, Hong and Laird 1990)
where ½ ps is the peak shear stress, ® pl;cum is the cumulative shear strain; ®pl ;cumˆ4 N® pl , where N is the number of cycles and ®pl is the plastic shear strain amplitude. ½0, B and a are materials constants which can be determined by experiments. Gong et al. (1998) found that the hardening curves of the copper multiple-slip crystals are quite similar to those of the single-slip crystals. They can be expressed as
where ½pm is the peak shear stress for multiple-slip crystals, and m and s are the hardening coe cients for multiple-and single-slip crystals respectively. ® pl;m and ® pl;s are plastic shear stain amplitudes for multiple-and single-slip crystals respectively.
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Figure 2. Schematic diagram of the cyclic strain-hardening behaviour. At larger shear strain amplitudes, cyclic softening occurs.
In equation (1), ½0ˆ0:8 MPa, Bˆ4:5 MPa and aˆ1:15 MPa; thus equation (1) can be approximatel y expressed as ½psˆ7:64® 0:537 pl;cum ; therefore, for simplicity the hardening curves of the copper crystals with various orientations might be written as
where ½p is the peak shear stress, A is the material constant and n is the cyclic hardening coe cient.
The microstructures of deformation bands
Recently, the microstructures of DBs of copper crystals have been observed using the electron channelling contrast technique in conventional scanning electron microscopy. Gong et al. (1997) found that the microstructure within DBs in a fatigued copper [001] crystal consists of a typical labyrinth structure. Li et al. (2000b) and Zhang et al. (2000) observed that the dislocation walls are the predominant microstructure within DBs in ‰ 1 135 Š and [5 5 12 20] crystals.
If the orientations of crystals are di erent, the microstructure s of DBs are rather di erent. However, a lattice rotation of a few degrees between DBs and the matrix can certainly be detected in the single crystals as seen in multiple-slip [001] crystals (®gure 10 of the paper by Gong et al. (1997) ) and in single-slip ‰ 1 135 Š crystals (®gure 3 of the paper by Li et al. (2000b) ). The rotation angle between DBs and the matrix is about 4±5°. This can be obtained by observing the de¯ection of slip traces. For example, in ®gure 3 of present paper, a SB was disrupted by the DB into two parallel segments, denoted SBa and SBb. From the shift in the two segments and the width of the DB, a rotation angle of 4±5°between the DB and matrix can be estimated.
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S. X. Li et al. By using time-resolved acoustic microscopy, Zhai et al. (1995 Zhai et al. ( , 1996 found that a lattice rotation of about 6°between DBs and matrix existed in a cyclically deformed aluminium single crystal.
From these observations, it seems that a lattice rotation is involved in the formation of DBs to some extent. It was revealed that the DBs formed in copper single crystals during cyclic straining might exhibit quite di erent microstructures, depending upon the crystallographic orientations. The di erence of the dislocation microstructures of the DBs suggests that di erent slip systems had operated during the formation of DBs.
A model for the formation of deformation bands under cyclic straining

A simple model
From the assumption mentioned above (see § 3.1) the formation of DBs arises from the cyclic softening of crystals. It is a form of plastic instability and, in symmetrically cyclic straining; the deforming zone (the cross-section of the specimen) is almost constant; therefore the condition for instability is d¼=d" pl;cum < 0. Here, we de®ne "pl ;cumˆ®pl;cum =M, where M is the reciprocal of the Schmid factor in single crystals. M is not a constant in fatigue testing of single crystals because the orientation changes during cycling.
For single crystals, the normal stress ¼ is related to the shear stress as ¼ˆM½. The shear stress ½ depends on the velocity of dislocations contributing to the imposed strain rate and can be written
where ½ p is the peak stress in each cycle, v is the dislocation velocity, which is equal to v 0 when the stress is ½ p , and m is the strain-rate sensitivity. The shear strain rate is
where » is the density of mobile dislocations and b is the magnitude of the Burgers vector. Substituting equations (3)±(5) into the equation ¼ˆM½, then (6) can be written as
, is very small, and " is a small quantity; so _ M M" is negligible and therefore equation (6) can be rewritten as
From equation (7), the condition for instability can be derived as (8) is quite similar to the instability criterion for the formation of shear bands formation in rolling (Dillamore et al. 1979) , however, it is proposed for the ®rst time for the formation of DBs in cyclic straining. In other words, the equation given by Dillamore et al. (1979) can only deal with shear band formation under monotonic loading, while equation (8) can deal with the formation of DBs under cyclic loading.
During fatigue testing, in each cycle the strain rate _ " " is imposed by the machine; there is no substantial change in _ " " in consecutive cycles under constant plastic-strainamplitude control; hence the second term on the right-hand side of equation (8) may be negligible. The condition for the formation of DBs can be rewritten as
In equation (9), the ®rst term is always positive, therefore the last two terms are essential for the formation of DBs. In the early stage of cyclic straining, it is generally accepted that the total dislocation density increases; however, the number of mobile dislocations gradually decreases with increasing number of cycles. Hence, the last term will be positive before the formation of DBs. The second term, that is geometric softening with a negative value, will be the driving force in the formation of DBs. Reid (1973) pointed out that, in a unidirectional tensile test, a fcc single crystal rotates in such a way that the tensile axis approaches its primary slip direction ‰ 1 101 Š while, in a unidirectional compressive test, the stress axis rotates towards the normal to the primary slip plane (111). Therefore, an irreversible rotation is expected in the crystal even under symmetrical tension±compression loading. As shown in ®gure 4, when a single crystal with a stress axis O is subjected to tensile loading, the stress axis of the crystal will rotate towards ‰ 1 101 Š along the great circle passing through ‰ 1 101 Š and O to N. Alternatively, when a compressive loading is applied, the current stress axis N of the crystal will move towards ‰ 111 Š from N to O 0 along the great circle through N and ‰ 111 Š . This irreversible rotation will be accumulated with cycling. When a single crystal is subjected to unidirectional tension or compression, the corresponding rotational angles towards ‰ 1 101 Š or ‰ 111 Š can be expressed as
Variation in the crystal orientation with cycling
where ¶0 and ¶ are the angles between the stress axis and the primary slip direction before and after tension respectively, and '0 and ' are the angles between the stress axis and the normal to the primary slip plane before and after compression respectively. L 0 is the initial length, and L and L 0 are the lengths after tension and compression respectively. L and L 0 can be written as
where O is the Schmid factor. Based on these equations, the variation in crystal orientation with cycling can be calculated by computer. In the calculation the Schmid factor is a variable. Taking "pl ;cumˆ®pl;cum =M and ®pl ;cumˆ4 N® pl , ®pl is a constant in the testing, the second term of equation (9) can be rewritten as
From equations (10) to (13), the geometric softening factor (1/M)qM=q … N=M † shown in equation (14) can be calculated by computer. The geometric softening of seven typical orientations, including three multipleslip orientations ([001] , ‰ 1 111 Š and [011]), three double-slip orientations ( ‰ 1 112 Š , ‰ 2 255 Š and [034]) and one single-slip orientation ( ‰ 1 135 Š ) were studied in detail. Since a plastic shear strain amplitude of around 7 £ 10 ¡ 4 could cause the formation of DBs, this value was chosen for calculation. Figure 5 shows that the geometric softening factor … 1=M † qM=q … N=M † varies with the cyclic number N. From these curves one can see that the absolute values of geometric softening factor for multiple-slip and double-slip single crystals are larger than that for single-slip single crystals. For example, at 1000 cycles, the softening factor for the single-slip orientation ‰ 1 135 Š is about ¡ 1 £ 10 ¡ 5 (®gure 5 (a)); however, the corresponding values for multiple-slip and double-slip single crystals range from ¡ 4 £ 10 ¡ 4 to ¡ 5 £ 10 ¡ 5 (®gure 5 (b) and (c)). In other words, the driving force for the formation of DBs in the latter crystals is about an order of magnitude higher than in single-slip crystals. Figure 6 shows the curves of the ®rst two terms of equation (9) for the crystal orientation ‰ 1 112 Š . The values mˆ0:7 (Greenman et al. 1967 ) and nˆ0:54 were used in calculation. From this ®gure, one can see that the sum of the ®rst two terms cannot become negative easily with increasing number of cycles. The last term in equation (9) must play a decisive role in the formation of DBs. Figure 7 shows that the rotation angle between the current and original loading axes increases under cyclic straining. The rotation angles for multiple-slip and double-slip single crystals are much larger than for single-slip single crystals. For example, at 3000 cycles, the rotation angles are 16±30°for multiple-slip single crystals (®gure 7 (a)) and 10±18°for double-slip single crystals (®gure 7 (b)), while for single-slip ( ‰ 1 135 Š ) single crystals it is only about 5°.
Since the sample is constrained by the grips in fatigue testing, the actual rotation angles are much less than those obtained by calculation. During fatigue testing, the rotation angle is gradually increased cycle by cycle; this will cause the sample to bend and store the extra strain energy in it. It is proposed that, when the rotation angle reaches a few degrees, the bending and its strain energy will result in the formation of DBs. The DBs with a few degrees rotation accommodate the bending of the sample. At this time, the mobile dislocation density must increase drastically and the DBs start to form. There might exist a critical rotation angle above which the DBs begin to form.
From this analysis, DBI and DBII have pro®les similar to those associated with tension and compression shear bands, and the orthogonality of their habit planes is therefore not surprising.
Increase in the mobile dislocation density with straining
The dislocation structures in copper single crystals have been investigated for a long time; some typical structures such as PSBs are well understood, and the dislocation structures and their related characteristics of cyclic deformation in copper single crystals with various orientations have been examined by Li et al. (2000c Li et al. ( , d, 2001 recently. However, the dislocation evolution, particularly the mobile dislocation density variation at the stage of formation of DBs, has not well been studied in detail (Yang et al. 2001 .
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3139 Figure 6 . The values of the ®rst and second terms and their sum in equation (9) As mentioned above, the increase in the driving force for the formation of DBs is a process of accumulating the strain energy gradually. However, when the rotation angle reaches a critical value, the formation of DBs is rather a transient process. The dislocation avalanche model (Lee and Duggan 1994, Li et al. 1994) could be used in the present analysis.
During cyclic deformation, the SBs or PSBs are well developed along the primary slip plane (111). When the crystal rotates gradually to a critical situation, the driving force stimulates the secondary slip system to operate. However, the slip system that intercepts the primary SBs cannot operate easily and its dislocations must be blocked at the primary SB boundaries. This is easily understood for multiple-and double-slip crystals. For single-slip crystals, the DBs occur in the range C of the cyclic stress±strain curve and at this stage the secondary slip system may operate and cause the formation of DBs. Let a plane P pass through the loading axis L and n DBII , the normal of a potential DBII. The plane P intersects the potential DBII and DBI that are represented by the broken lines in ®gure 8. As a ®rst approximation, DBI is parallel to the primary SB and the normal of DBII lies in the habit plane of DBI owing to the orthogonality of the DBs. The normal of DBI is in the [111] direction. In ®gure 8, the primary SB formed by operation of the primary slip system is labelled Primary SB, and the secondary slip system that interacts with the primary SB is labelled Secondary SS.
As a potential DBII whose normal is at an angle with the loading axis (®gure 8) operates, it is proposed that the dislocations blocked at O are freed. These freed secondary dislocations are assumed to move mainly within the potential DBII. The slip direction of the secondary dislocations intercepts the boundary of DBII at B; in other words, the freed dislocations mainly move along OB. The density of secondary dislocations freed (or, in other words, the increment in the mobile dislocation density) is given by where d® s and O s are the increment in shear strain and the Schmid factor of the secondary slip system respectively. The increment in shear strain can be written as
where f …s ) represents the ratio of OB to OC, and s is the unit vector of the secondary slip direction (®gure 8). The calculation of f …s ) is given in appendix A. b is the magnitude of the Burgers vector. Combining equations (15)± (17), we have
At the same time, some of the dislocations blocked in the primary slip plane, such as the clustered primary dislocations, for example, in the veins or the walls, could also be set free locally as secondary dislocations operate. The freed primary dislocations could form the DBI that is very close to the primary slip plane. The freed primary dislocation density is
where dN p is the number of blocked primary dislocations that are set free now, t 1 is the thickness of DBI and d c is a microstructure-relate d dimension that freed dislocations pass through. Considering that the strain d" pˆOp d® p and d® pˆd»I bd c , where O p is the Schmid factor of the primary slip system, while d® p is the shear strain caused by freed primary dislocations, then we have
Now the last term of equation (9) can be approximatel y written as
Here, the geometric average of d» I= d" p and d» II= d" s is used, since both factors a ect the formation of DBs simultaneously. In other words, the concurrent operation of the blocked primary and secondary dislocations would result in the local crystal rotation and thus could stimulate the formation of DBs in these local regions. Also, the relation " pl;cumˆ4 N" pl is considered in deducing equation (21). In equation (21), the fact that the mobile dislocation density » varies with the cyclic number N has not been well established in experimental and theoretical work. Therefore it is not suitable to try to deduce the detailed variation in this term with N in the present paper. However, this term may give us a hint about the formation of DBs. Therefore the order of magnitude of this term should be checked as follows.
In cyclically deformed copper single crystals, there is a higher dislocation density in the so-called wall or vein structures and it can be as high as 10 15 10 16 m ¡ 2 (Basinski et al. 1969) . In the channels, the dislocation density is about two to three orders of magnitude smaller than in the clustered regions (Antonopoulos et al. 1976, Antonopoulos and Winter 1976) . In the present model, the blocked dislocations are assumed to be set free which will increase the mobile dislocation density d»; at that moment, the initial mobile dislocation density » is mainly controlled by the dislocations in the channels. Therefore the mobile dislocation density »ˆ3 £ 10 12 m ¡ 2 is adopted in estimating the value of ¡… m=» †… q»=q" pl;cum † in equation (21). b is 2:86 £ 10 ¡ 10 m, t 2 is about 10 mm (Li et al. 2000b) , and d c is assumed to be approximatel y the spacing between the walls of a PSB, or the walls of a labyrinth structure, or the spacing between veins, so its typical value is chosen as 1 mm (Mughrabi et al. 1979) . mˆ0:7 (Greenman et al. 1967) . For most cases the formation of DBs starts at around several hundreds to a few thousand cycles (Gong et al. 1997 , Li et al. 1999a . Here, Nˆ1500 cycles is chosen in estimating the value of ¡… m=» †… q»=q" pl;cum † in equation (21). The dislocation avalanche factor for ‰ 1 112 Š is 1.72 (see equation (22) and table 2); then the value of ¡… m=» †… q»=q" pl;cum † in equation (21) is ¡ 0.296. As shown in the description of ®gure 6 in the text, the sum of the ®rst two terms of equation (9) is 0.428 at 1000 cycles and 0.247 at 2000 cycles; therefore the DBs would start to form in between these two values, where the sum of these three terms becomes negative. From equation (21) the dislocation avalanche factor (Lee and Duggan 1994, Li et al. 1994) can be formulated as ¶ˆc
… 22 † The values of this factor calculated for various orientations are shown in table 2. In the calculation, the habit plane … 1 101 † of DBII is used in all cases except for the orientation ‰ 1 111 Š , for which the habit plane (010) is used. On the [001]± ‰ 1 111 Š side of the standard stereographi c triangle, the secondary slip system … 1 11 11 † [011](C1) with the maximum Schmid factor operates; on the ‰ 1 111 Š ±[011] side, the secondary slip system (111) ‰ 11 10 Š (B5) with the maximum Schmid factor operates. However, on the [011]±[001] side, if the secondary slip system … 1 111 † [101](A3) with the maximum Schmid factor operates, it cannot form DBs because ¶ˆ0. On the other hand, if another slip system with the second largest Schmid factor operates locally, the DBs could be formed.
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Generally speaking, during the process of the formation of DBs, the smaller the dislocation avalanche factor ¶, the larger would be the plastic shear strain amplitude that is needed for the DBs formation. For multiple-slip single crystals, ¶ for the [011] orientation is smaller than for the [001] and ‰ 1 111 Š orientations (see table 2 ). This means that, for the orientation [011], a larger shear strain amplitude is needed to form DBs than for the other two orientations (see ®gure 1).
For comparison, the values of 1= ¶ are shown in ®gure 9. If other conditions are identical, the greater 1= ¶, the larger is the plastic shear strain amplitude needed for the formation of DBs. The variation in 1= ¶ with orientation is rather similar to the variation in the critical shear strain amplitude shown in ®gure 1. From these two ®gures, a better similarity can be found between the double-and multiple-slip single crystals. For example, along the sides of the stereographic triangle there are some wave crests in both ®gures, however, for single-slip single crystals, the values of 1= ¶ are not as large as one might expect. This can be easily understood as follows. The driving force for the formation of DBs in single-slip single crystals is much smaller than in double-and multiple-slip single crystals as mentioned in § 3.3.2. Therefore the formation of DBs in single-slip crystals needs a much larger critical plastic shear strain than in the case of multiple-and double-slip crystals.
In this model, both primary and secondary slips operating in a local region were considered to account for the lattice rotation in the formation of DBs. DBI and Figure 9 . The variation in 1= ¶ with the orientation of the single crystals.
DBII are expected to form simultaneously. However, the operation of a speci®c secondary slip system may be more favourable for stimulating one type of DB to appear on the sample surface markedly, and the other type of DB may not be observed clearly. If the applied strain amplitude is large enough, the other types of DB will appear prominently too. Figure 10 shows the types of DB observed ®rst on the sample surface. From table 2, it seems that, in a single crystal in which the secondary slip system C1 operates, DBI will possibly be observed ®rst and, when the secondary slip system B5 operates, DBII will be observed ®rst. Therefore, the stereographic triangle may be divided mainly into two regions (®gure 10). In region I, including orientations 2±4, 16 and 12, DBI is expected to be observed ®rst while, in region II, including the orientations of 6±11, 14 and 15, DBII is expected to be observed ®rst. This is in general accordance with the experimental observations except for orientation 12 in region I, and orientation 6 in region II. These two orientations are close to the highly symmetric multiple-slip [001] and ‰ 1 111 Š orientations respectively. The detailed reason for this inconsistency is unknown.
The formation of DBs in single crystals with various orientations is a general phenomenon in cyclic straining under constant plastic shear strain control. The formation of DBs in bicrystals has also been observed in the loading axis perpendicular or parallel to the grain boundary. In polycrystals, the grains with various orientations in the plastic zone of a crack tip undergo cyclic straining. In this region, DBs formed within a grain have also been observed recently (Chen and Li 2002) . All these experimental ®ndings indicate that much work is still needed to understand the mechanisms for formation of DBs and their interactions with grain boundaries and triple junctions (Li et al. 2000a ).
} 4. Summary From the experimental results surveyed and the simple model proposed here, the formation of DBs in copper single crystals under cyclic straining might be understood as follows.
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Figure 10. The types of DB ®rst observed in the single crystals (Zhang 1995 , Gong et al. 1997 , Li et al. 1998b , 1999a .
The loading axis rotation caused by tension and compression irreversibility is the major driving force for the formation of DBs. The drastically increasing mobile dislocation density caused by operation of secondary slip system locally is the direct trigger for the formation of DBs. Figure A 1 . The geometry for the calculation of f …s † .
